Abstract: This study investigates phase transformation and mechanical properties of porous NiTi alloys using two different powder compacts (i.e., Ni/Ti and Ni/TiH2) by a conventional press-and-sinter means. The compacted powder mixtures were sintered in vacuum at a final temperature of 1373 K. The phase evolution was performed by in situ neutron diffraction upon sintering and cooling. The predominant phase identified in all the produced porous NiTi alloys after being sintered at 1373 K is B2 NiTi phase with the presence of other minor phases. It is found that dehydrogenation of TiH2 significantly affects the sintering behavior and resultant microstructure. In comparison to the Ni/Ti compact, dehydrogenation occurring in the Ni/TiH2 compact leads to less densification, yet higher chemical homogenization, after high temperature sintering but not in the case of low temperature sintering. Moreover, there is a direct evidence of the eutectoid decomposition of NiTi at ca. 847 and 823 K for Ni/Ti and Ni/TiH2, respectively, during furnace cooling. The static and cyclic stress-strain behaviors of the porous NiTi alloys made from the Ni/Ti and Ni/TiH2 compacts were also investigated. As compared with the Ni/Ti sintered samples,
neutron scattering from hydrogen, neutron diffraction can also track the development of hydrogen concentration during dehydrogenation [20] .
Since dehydrogenation of TiH2 involving in the reaction procedure of powder sintering, this reactive process is thought to be more intricate and different from the case of Ni/Ti blend. To the best of our knowledge, no report has elaborated the reactive sintering mechanism using Ni/TiH2 blend involving dehydrogenation of TiH2 and the mechanism investigation of TiH2 decomposition under vacuum. Bearing in mind, it is of great importance to investigate the combination of dehydrogenation of TiH2 and newly born Ti and Ni sintering hereafter and the comparative study of mechanical properties of as-fabricated NiTi alloys using Ni/Ti and Ni/TiH2 powder blends. In this study, it is the first time to observe and study the combined phase transformation processes of dehydrogenation of TiH2 and the subsequent reactions between new-born Ti and Ni particles using in situ neutron diffraction under vacuum as a comparison of the Ni/Ti blend. Further, the systematic mechanical comparison was investigated in terms of pore size, porosity, pore shape and pore size distribution. Therefore, this study is an additional and supplemental report to our recent results in Refs. [17, 20] .
Experimental Section
The mean particle size of Ti, TiH2 and Ni raw powders used in this study was 32.2, 24.6 and 16.4 µm, respectively. Powder mixtures of Ni/Ti and Ni/TiH2 were gently mixed in a ball mill for 10 h. Both powder mixtures had a nominal composition of 51 at.% Ni and 49 at.% Ti.
After mixing, powder mixtures were pressed into cylindrical discs of 12 mm diameter with three heights (i.e., 4, 10 and 20 mm for microstructural characterization, neutron diffraction measurement and compression test, respectively) and tensile testing bars (15 mm in gauge length and 2 mm in thickness) in a single-action steel die under 250 MPa pressure. Stearic acid lubricant was slightly applied to the compaction die wall. Subsequently, the 4-and 20-mm-thick green compacts and tensile bars were sintered in a vacuum furnace at 3 × 10
Pa, while the 10-mm-thick green compacts were sintered in a high temperature vacuum furnace (5 × 10 −4 Pa) equipped on the WOMBAT for in situ neutron diffraction measurements. The WOMBAT is a high-intensity diffractometer at the Australian Nuclear Science and Technology Organization (ANSTO), which uses monochromatic neutrons and is equipped with a two-dimensional area detector [37] . The basic technical information of WOMBAT is detailed in Refs. [20, 36] . The sintering profile with a heating rate of 5 K/min will be shown in Section 3.2. The heating process was designed into two stages where the first stage is for dehydrogenation of TiH2 powders, while the second one is to perform final sintering at a temperature of 1373 K (1100 °C) for 2 h, followed by furnace cooling.
A free Rietveld program MAUD was chosen to analyze the full powder-diffraction pattern using the Rietveld method, which is to obtain quantitative values of the phase fractions throughout the in situ experiments [20] . To determine the phase fractions, each 1-D diffraction pattern was subsequently fed into the Rietveld analysis as a function of time. The analysis was began with a well-fitted analysis file in MAUD, which was then used for recursive fitting of the following data files. The batch running was repeated several times with different starting values and constraints to start the iterating process until there was a consistently good fitting throughout the entire run.
Open porosity and sintered density were measured by the Archimedes method as specified in the ASTM B962-08 standard. Pore size distribution analysis was conducted using a pore-size distribution analyzer (GaoQ PDSA-20) using the bubble-point method as per the ASTM F316-03 standard [38] . Microstructures of the as-sintered compacts were observed using an environmental scanning electron microscope (ESEM, FEI Quanta 200F, FEI, Houston, TX, USA) equipped with an energy dispersive X-ray spectrometer (EDX, Oxford Instruments, Oxfordshire, UK). Phase constituents were determined using X-ray diffraction (XRD, Bruker D2 Phaser, Bruker, Karlsruhe, Germany). Differential scanning calorimetry (DSC, Netzsch 404 F3, Netzsch, Selb, Germany) was used to determine the various reactions of compacts during sintering with a heating rate of 5 K/min under flowing argon gas.
The tensile properties of the as-sintered NiTi tensile bars were measured on an Instron 3367 universal machine with a cross-head speed of 0.5 mm/min at ambient temperature. The tensile bars were tensioned approaching to its fracture strength. The compressive properties of the 20-mm-thick samples after 1373 K sintering were measured on an MTS 810 universal machine with a load rate of 0.6 kN/s at room temperature. An alignment cage ensured the parallelism of all samples during testing. The ends of compression cylindrical samples (machined into 10.5-mm diameter and 15-mm height) were polished and smoothed using sand papers, and finally the ends were greased before compression tests. Cyclic experiments were performed to study possible deformation and superelasticity. The cylindrical samples were first compressed until a significant deflection of the linear elastic deformation portion on the stress-strain curve was obtained or the stress level approached to its fracture strength. After that they were unloaded to zero stress and the subsequent cycle followed.
Results

Microstructure
Differential scanning calorimetry (DSC) measurements were conducted to investigate the phase evolution for each compact. Figure 1 shows the DSC curves of the Ni/Ti, Ni/TiH2 and pure TiH2 compacts after 250 MPa compaction with a heating rate of 5 K/min. According to Figure 1 , a broad exothermic peak can be seen at ca. 1036 K for the Ni/Ti compact, which is followed by an endothermic peak developing with an onset temperature at 1143 K. With increasing temperature, this is immediately followed by an apparent exothermic peak at around 1240 K. The final peak is an endothermic peak whose temperature is 1417 K. As discussed in Ref. [20] , the four peaks correspond to formation of intermetallic phases (e.g., NiTi, Ni3Ti and NiTi2, etc.), eutectic reaction to generate liquid Ti-rich phase, combustion reaction between molten Ti-rich and Ni-rich phases, and another eutectic reaction between NiTi and Ni3Ti phases, respectively. In contrast, the dehydrogenation of TiH2 is a thermally endothermic process [39] . Therefore, the first two endothermic peaks for Ni/TiH2 and TiH2 compacts correspond to the dehydrogenation, which ranges from ~630 to 920 K. However, the following peaks for the Ni/TiH2 are less manifest as compared with the Ni/Ti compact. This is due to the fact that the dehydrogenation peaks may overlap with the following reaction peaks [20] .
The X-ray diffraction (XRD) results are presented in Figure 2 for both compacts sintered at 1373 K. It can be seen that the main sintered phase is austenitic B2 NiTi in both cases, with the existence of martensitic B19', secondary NiTi2, Ni3Ti and Ni4Ti3. The existence of these phases in the as-sintered samples is further confirmed in the ESEM micrographs and EDX analysis ( Figure 3 ). It should be noted that the amount of Ni4Ti3 phase is too little to be detected by EDX. The needle-like structural phase is determined to be Ni3Ti in both samples (Figure 3b,d ), which is due to the eutectoid reaction of NiTi → NiTi2 + Ni3Ti during cooling [20] . However, it is interesting to observe that the amount of secondary phases of the Ni/TiH2 sintered sample is less compared than that of the Ni/Ti sintered based on the XRD ( Figure 2 ) and energy dispersive X-ray (EDX) results ( Figure 3 ). This means that the final chemical homogeneity of the Ni/TiH2 sintered is higher than that of the Ni/Ti sintered sample. Table 1 summarizes the basic data of both sintered compacts from 4-mm-thick green samples. It can be figured that the dimension exhibits shrinkage for both sintered samples in terms of either radial or axial direction. Moreover, the shrinkage of the Ni/Ti is larger than that of the Ni/TiH2 after sintering, with the concomitant higher density for former case. In addition to the shrinkage and density, the open porosity and close-to-total porosity ratio are significantly different from each other. For instance, the close-to-total porosity ratio of the Ni/Ti sintered sample is 89.6% ± 3.4%, while it is only 12.2% ± 0.8% in the case of Ni/TiH2. Figure 4 presents the neutron diffraction patterns of the Ni/Ti and Ni/TiH2 compacts collected as a function of time in the 2D plot. The intensity is displayed by the grey scale values as a function of scattering vector Q (Q = 4π/λ·sinθ) on the abscissa and time on the ordinate. It is focused on the dehydrogenation process and its effect on the phase transformation of the Ni/TiH2 compact as compared with the Ni/Ti compact.
In situ Neutron Diffraction
From Figure 4a , it can be seen when the temperature approaches ca. 840 K, the intensities of intermetallic phases (i.e., B2 NiTi, Ni3Ti, NiTi2 and Ni4Ti3) start to establish as a result of the intensity decrease of elemental Ni and Ti in the Ni/Ti compacts. Afterwards, the intensities of elemental Ni and Ti gradually decrease and it is almost nil at about 1076 K, while these intermetallic phases largely increase. Until the temperature increases to 1163 K, the peaks of some secondary phases (Ni3Ti and Ni4Ti3) almost disappear while the NiTi and NiTi2 phases still remain with temperature increase even when holding at 1373 K. Additionally, it is interesting to note that the intensities of previously disappeared Ni3Ti and Ni4Ti3 phases re-emerge when the furnace was cooled to ca. 847 K. This phenomenon has also been discussed in our recent reports [20, 36] . It is due to the eutectoid reaction (NiTi → NiTi2 + Ni3Ti) taking place at ca. 903 K during furnace cooling [20, 36, [40] [41] [42] . Additionally, it is obvious that the peaks are significantly shifted in position, which is attributed to thermal expansion of crystal lattice when the temperature is relatively high [43] . Moreover, the Mo peaks come from the Mo wires holding the samples in the instrument. In contrast, several differences can be seen between the Ni/TiH2 compact ( Figure 4b ) and Ni/Ti compact (Figure 4a ) in the heating and cooling process. First, when involving TiH2 sintering, the initial background is much more significant compared to the Ni/Ti case (Figure 2a) . Second, the temperature to establish intensities of intermetallic phases (i.e., B2 NiTi, NiTi2 and Ni3Ti) is nearly 100 K higher than the Ni/Ti (Figure 4b cf. Figure 4a) . Third, there is no Ni4Ti3 phase formed during sintering in the Ni/TiH2 case and the intensities of secondary phases are weaker as compared to the Ni/Ti sample. The initial pattern background is caused by the strong incoherent neutron scattering from hydrogen atoms in TiH2. Then, it gradually decreases with the temperature till ~923 K when it is thought the dehydrogenation of δ-Ti(H) is almost complete. It is noteworthy that both α-Ti(H) and β-Ti(H) phases appeared during decomposition of TiH2 below 780 K, which is consistent with the recent study by Jiménez et al. [33] . Several intermetallic phases (i.e., B2 NiTi, Ni3Ti and NiTi2) start to form when the temperature reaches ~975 K concomitant with the intensity decrease of elemental Ni and Ti. After this, the intensities of these phases continue to increase until the temperature rises to ~1350 K when the peaks of Ni, Ti and Ni3Ti phases disappear. There only exist B2 NiTi and minor NiTi2 phases when holding at 1373 K. It is similar with the case of Ni/Ti compact that the intensity of Ni3Ti phase starts to re-establish when it was cooled to ~823 K.
With a particular focus on the dehydrogenation process of TiH2, it can be seen from Figure 4b that the starting constituent includes δ-Ti(H) phase, and with increasing temperature another two hydrogen-containing solid solutions, i.e., α-Ti(H) and β-Ti(H) phases, establish their intensities. The α-Ti(H) and β-Ti(H) phase has hcp and bcc structure, respectively, and hydrogen atoms sit randomly on the tetrahedral sites of both phases [44] . When the temperature approaches ca. 695 K, the intensity of δ-Ti(H) phase completely vanishes. Afterwards, the β-Ti(H) and α-Ti(H) phases totally transfer to α-Ti phase at ~780 K.
Pore-Size Distribution
The use of bubble-point method is to measure the pore-size distribution of both green and sintered samples, which can determine the pore-throat size in the pore tunnel as specified in the American Society of Testing Materials (ASTM) F316-03 standard. As presented in Figure 5a , most pores of the green Ni/Ti compact are in the range of 2.5~7.5 μm accounting for about 80% and only few pores are larger than 15.0 μm or smaller than 2.0 μm. In contrast, the original pore size in the green Ni/TiH2 compact (Figure 5b ), which mostly positions less than 5.0 µm, is smaller compared to the green Ni/Ti compact. However, after 1373 K sintering the pore size can be split into two main ranges for each sample, which are 2.5~20.0 and 4.0~20.0 μm for the Ni/Ti and Ni/TiH2, respectively. This means pore-size distribution is broader and pores become larger after sintering. Such phenomenon is significantly obvious in the Ni/TiH2 case that pores are previously positioned below 5.0 μm as shown in Figure 5b , while most of them enlarge to the range between 5 and 10 μm, accounting ca. 50% porosity, after sintering. Figure 6 displays typical stress-strain curves of the NiTi bars being sintered at 1373 K from both compacts. However, both sintered samples exhibited typical brittle fracture behaviors. As presented in Table 2 , the fracture tensile strength of the Ni/Ti sintered sample (549.4 ± 9.6 MPa) is much higher than that of the Ni/TiH2 (160.2 ± 7.3 MPa). Accordingly, the fracture strain of the former sample (4.6% ± 0.2%), which is expectable for porous NiTi, is much higher compared to the later sample (0.9% ± 0.1%). Nevertheless, both Ni/Ti sintered bars demonstrated quasi-linear elastic deformation behavior. In contrast, the Young's modulus of both samples is quite similar but significantly lower than that of the wrought NiTi alloys (~70 GPa) [45] . 
Mechanical Properties
Static Tensile Test
Cyclic Compressive Test
To investigate the porosity effect on the compressive properties, a total of five cycles was applied to each sintered sample. The cyclic compressive samples were compressed to 500, 800 and 1200 MPa, respectively, for the 1373 K-sintered samples from the Ni/Ti compact and then completely unloaded. In the Ni/TiH2 case, the compressive load changes to 300, 500 and 800 MPa, respectively, since the tensile strength of the Ni/TiH2 sintered sample is much lower than the Ni/Ti sintered sample ( Figure 6 ). Figure 7 shows the strain curves as a function of time for the compressive cycles. The Ni/TiH2 sintered sample failed during the third cycle with a fracture strain of 7.14% under 800 MPa stress (Figure 7b ). By contrast, the Ni/Ti sintered sample could withstand all the five cycles under both 500 and 800 stresses only, except the 1200 MPa load, where the sample collapsed at the third cycle (Figure 7a ).
There can be seen several interesting aspects of superelasticity originating from these curves. First, the residual strain increases with the compressive stress. On the other hand, it is noteworthy that the residual strain of the Ni/Ti sintered sample is less compared with the case of Ni/TiH2 under the identical compressive load. For instance, the residual strain is 0.75% for the Ni/Ti sintered sample while it is 1.96% in the latter case. Additionally, the maximum strain slightly rises with the cycle number obviously for the higher compressive stress. 
Discussion
Microstructural Evolution
Dehydrogenation process
Several in situ/ex situ studies have been focused on the thermal decomposition of TiH2 46, 47] . However, it should be noted that the ex-situ XRD and TEM investigations may suffer from instant information loss in terms of the phase transformation during the heating process [19, 27, 30, 46, 47] . Additionally, although in situ high temperature XRD and X-ray synchrotron/neutron diffraction techniques were applied, their results may still be of concern. First, some experiments were conducted in argon atmosphere [32, 33, 35] , which possibly causes the oxidation problem and may mislead the result. Moreover, other reports using vacuum atmosphere may result in instant information loss or delay due to the fact that XRD scanning required a long time (usually several minutes to one hour to achieve a complete scan) [31, 34] . To our best knowledge, it is the first time using the neutron diffraction technique to in situ investigate the dehydrogenation process of TiH2. This means could not only solve the long-time scanning problem (needed below 60 s), but also involve vacuum furnace to effectively avoid the oxidation issue. According to the Ti-H phase diagram (Figure 8) , titanium hydride appears as δ, β and α-phase has ca. 50~66.7 at.%, 0~50 at.% and 0~8.5 at.% of hydrogen content [48, 49] , respectively. In our case, the initial titanium hydride phase includes δ phase as shown in Figure 4b . Based on this phase diagram and the neutron diffraction pattern in Figure 4b , it can be concluded that its dehydrogenation could take place as follows: δ → δ + α → δ + β + α → β + α → α. This finding is with great agreement with the report in Ref. [33] . Attributed to the strong incoherent neutron scattering from hydrogen atoms, there is an obvious background during the initial heating. In spite of this, the hydrogen release progresses with the temperature and time concomitant with the background slash. The dehydrogenation temperature range in this study occurs between 573 and 1073 K as presented in our DSC curves (Figure 1 ) and neutron diffraction pattern (Figure 4b) , which is consistent with previous studies [15, 30, 32, 33, 50] . As a result, the background evolution is consistent with the process of dehydrogenation during heating and finally almost disappears at about 780 K, Figure 4b . 
Pore and Phase Evolution
As discussed in our previous reports [4, 10, 17, 20] together with other studies [5, 14, [51] [52] [53] [54] [55] [56] , the pores present in the final sintered samples can be originated from the following four sources: (1) original pores in the green compact, (2) Kirkendall pores formed due to the different diffusion rates between Ni and Ti or newly born Ti elements, (3) pores occurred by the following phase transformation or alloying and (4) large pores caused by liquid phase sintering (LPS). It has been proved in Refs. [17, 20] that dehydrogenation in the Ni/TiH2 compact causes porosity increase during sintering and then the diffusion distance between Ni and new-born Ti particles enlarges, which is thought to delay sequential alloying and increase pore size and porosity in the Ni/TiH2 sample. In contrast, LPS has two opposite effects on densification. On the one hand, it would favor densification since it promotes diffusion due to the presence of liquid [57, 58] . On the other hand, however, it could give rise to swelling because of pores leaving behind [5] . We recall the microstructure images (Figure 3 ), density and porosity data (Table 1) , and pore-size distribution ( Figure 5) , it seems the combination of the two factors, which are dehydrogenation and LPS, leads to the fact that the density of Ni/Ti sintered sample is much higher compared to the case of Ni/TiH2 although the relative density of both green compacts is similar (i.e., it is 73.0% and 71.2% for the Ni/Ti and Ni/TiH2 compact, respectively).
The Rietveld quantitative analysis from the neutron diffraction data, shown in Figure 9 , further supports the discussion above. Figure 9 displays the weight fraction of various intermetallic phases for both compacts during sintering and furnace cooling. It can be confirmed that the whole sintering process of the Ni/TiH2 compact below 1373 K is postponed compared to the Ni/Ti compact (Figure 9b cf. Figure 9a) . Nevertheless, at the final holding stage at 1373 K, the amount of B2 NiTi phase is slightly lower for the Ni/TiH2 compact (94.3 wt.%) than that in the Ni/Ti compact (96.2 wt.%). However, such situation occurs oppositely after furnace cooling, because the final B2 phase amount of the Ni/TiH2 compact after cooling (87.3 wt.%) is higher as compared to the Ni/Ti compact (81.3 wt.%). This observation has been reported in our recent result [20] that there is a eutectoid reaction NiTi  Ni3Ti + NiTi2 happened at around 903 K, which means the B2 NiTi phase decomposed into Ni3Ti and NiTi2 phases during cooling and thus gives rise to the phase amount change accordingly. All the amount of secondary phases such as NiTi2, Ni3Ti and Ni4Ti3 in the Ni/Ti sintered sample is higher than that in the Ni/TiH2 sintered sample, which is consistent with the XRD results ( Figure 2 ). This can further confirm that the dehydrogenation from TiH2 activates titanium surface and thus enhances final chemical homogenization.
Fracture, Superelasticity and Modulus
With regard to the strength of a material, it is dependent on the weakest portion in the material. Normally, porosity, pore size and pore shape have a significant effect on the strength of porous NiTi alloys. For instance, a more severe stress concentration may arise from a sharp edge of the pores. Furthermore, a larger pore size and/or higher porosity result in more reduction in the effective load-carrying cross section [10] . These factors all result in the strength drop the porous NiTi alloys [59] . Recalling the fracture tensile strength and Young's modulus (Figures 6 and 7, Table 2 ), these values of the Ni/Ti sintered sample are higher compared with the Ni/TiH2 sintered sample.
On the one hand, from a fracture mechanics point of view, the material fails when the stress intensity factor K ( σ√π ) reaches its fracture toughness [60] . In this respect, the "a" represents the pore size and pore-size distribution, while the "Y" is a collective parameter of pore shape and orientation in a porous material. In this study, the mean pore size of the Ni/Ti sintered sample is significantly smaller than did in the Ni/TiH2 case, Figures 3 and 5 . However, the ESEM micrographs (Figure 3) show that the pore shape is similar in both samples. This implies that the average "Y" value is analogous in both cases, while the "a" value gives rise to a higher stress intensity factor K for the Ni/TiH2 sintered sample. As such, the Ni/Ti sintered sample demonstrated a higher fracture stress, as compared to the case of Ni/TiH2. Alternatively, this means the use of TiH2 powder leads to lower fracture strength caused by larger pore size and lower densification (Table 1) although it shows higher chemical homogenization ( Figure 9 ). On the other hand, compressive tests show the typical superelasticity properties of sintered NiTi alloys, which are attributed to the stress-induced martensitic transformation [2] . With increasing the cycle number, the accumulated residual strain increases and then levels off to a constant value (Figure 7 ). This phenomenon has been discussed regarding to the general shape memory "training process" [20, 61] . The Young's modulus of the Ni/Ti sintered sample is greater than that of the Ni/TiH2 sintered sample (Table 2) . First, as shown in Table 1 the close-to-total porosity ratio is 89.6% ± 3.4% and 12.2% ± 0.8% for the Ni/Ti and Ni/TiH2 sintered compacts, respectively. Normally, higher ratio of close-to-total porosity would give rise to higher elastic modulus [60, 62] . Second, the higher density of the Ni/Ti sintered sample would result in higher elastic modulus than did the Ni/TiH2 sintered sample after 1373 K sintering as shown in Table 1 . Additionally, it should be noted that the final phases present in the sintered compacts also affect the elastic modulus. Recalling Figure 9 that the Ni/TiH2 sintered compact contains 8.0 wt.% NiTi2 phase while the Ni/Ti sintered sample has 9.8 wt.% NiTi2. More amount of NiTi2 phase also causes higher elastic modulus for the Ni/Ti sintered sample [20] .
Summary
In this report, porous NiTi alloys from Ni/Ti and Ni/TiH2 powder compacts were produced by introducing a conventional press-and-sinter method. The microstructure and mechanical properties of sintered samples were investigated and compared with involving the use of TiH2 powder. The following conclusions can be drawn from this study.
(1) B2 NiTi phase is the dominant phase identified in both samples after being sintered at 1373 K holding for two hours together with the presence of some minor secondary phases. (2) Dehydrogenation from TiH2 leads to a lower density, a much higher porosity, a larger pore size but higher final chemical homogenization after sintering as compared with the Ni/Ti compact. (3) The use of TiH2 powder causes lower fracture strength and lower elastic modulus compared with the Ni/Ti sintered sample.
